BACKGROUND/OBJECTIVES: Dual energy X-ray absorptiometry (DXA) is a recognized tool for measurement of body composition and provides benefits of low dose radiation, quick scan time and multiple measurement options. Challenges arise in scanning children, particularly with limb movement. We aimed to validate the use of surrogate limb substitutions compared with whole-body scans by DXA for measuring fat, lean and bone mass in children. SUBJECTS/METHODS: DXA scans were obtained from 3-year-old children who had normal positioning and no limb movement (n = 246) or movement of a single limb (n = 55). By replacing the measurements of one scanned limb with those of the opposite limb, we obtained an estimate value that was compared with the original whole-body scan measures for fat, lean and bone mass, percent whole-body fat and total mass for scans without or with movement. RESULTS: Original normal scan analyses were highly correlated with estimates using substitution of the surrogate limb for all body compartments (R 2 = 0.986-0.999, Po 0.005). The Bland-Altman analysis demonstrated high levels of agreement between the estimates using surrogate limb and original whole-body measurements. Differences in estimate values and variance were greater with limb substitution in scans with movement compared to without movement. CONCLUSIONS: Use of limb surrogate methodology for fat mass, lean mass, bone mineral content, percent fat and total mass, is a valid alternative that minimizes variation in estimates of body composition from DXA scans in young children in which a single limb is affected by movement. This will allow inclusion of scans with movement artifact in a single limb for data analysis.
INTRODUCTION
Dual energy X-ray absorptiometry (DXA) is employed widely to measure body composition in research and may also be a clinically useful tool. 1 DXA has been validated across age groups from premature infants to seniors including both normal and overweight subjects, and against other body composition measures such as skinfold-thickness assessments, bioelectrical impedance analysis, computed tomography and magnetic resonance imaging. [2] [3] [4] DXA scans have the advantage of short scan time, low radiation dosage and the ability to provide direct measures of fat tissue, non-bone lean tissue and bone mineral content (BMC) in an isolated region or the body as a whole. 5 The application for DXA in infants and children is gradually growing in use to understand the impact of disease on bone health or nutritional impact on body composition. [6] [7] [8] A key limitation of DXA scanning in young children is the need to remain perfectly still during the entire scan albeit only about 3 min. Slight movement of the arms and legs when the scan arm passes causes the image to be either blurred or broken. The values for these images, if taken as is, are invalid thus causing loss of valuable data. 8 To our knowledge, no previous study has compared the substitution of surrogate limb measurements as estimates of complete original whole-body scans using the Hologic DXA system. Reported validation of half-body scans in the obese population was determined to be closely comparable to whole-body analysis; however, these were done using a Lunar DXA system and were performed on older and obese populations. [9] [10] [11] This type of validation has not been done in a very young population.
In order to examine an alternative method of DXA analysis whereby scans that showed flaws in limb measurements could still be used, we performed a comparison of each component of body composition on the original normal scan (with no movement artifact) with the values obtained with surrogate limb substitutions using scans deemed 'normal' as they had no movement artifact in a sample of 3-year-old children. In addition, we completed a similar comparison with and without surrogate limb substitution but in scans with obvious limb movement.
MATERIALS AND METHODS Subjects
Whole-body DXA scans were taken of 451 children aged 3 years as part of an ongoing birth cohort study at McMaster University. 12 For this validation study, scans were excluded if the child was reported as non-Caucasian, or the scan showed movement artifacts, overlap of body parts, excessive trunk movement or artifacts that could hinder correct analysis of limb sections (Figure 1 ). This provided 246 child scans (123 males and 123 females) of the quality shown in Figure 2 that were included in the statistical analysis for validation. In addition, 55 whole-body scans with single limb movement were used to determine whether this substitute limb methodology would improve the estimates of body composition (that is, reduce the error). We compared the wholebody values obtained with the movement included, with the values obtained when the limb with movement was substituted with the surrogate limb without movement. Ethics approval for conduct of the DXA measures was obtained from the Research Ethics Board of McMaster University and the subject's guardian provided informed consent at recruitment.
Instrumentation
DXA measurements were acquired with the Hologic Discovery QDR 4500 System (Hologic Inc., Waltham, MA, USA). The Hologic device utilizes a constant X-ray source producing fan beam dual energy radiation with a very low effective dose equivalent of 5 μSv. It takes~3 min to run a wholebody scan. For this experiment, all scans were performed using the auto whole-body mode, which uses algorithms to improve the accuracy of edge detection of the bones in younger children and individuals with low bone mineral density. 13 Scan analysis was performed using the Hologic Discovery QDR Series Software V12.3 (Hologic Inc.). This software allows for the adjustment of specific regions of interest. The body was divided into nine distinct regions for analysis, the head, spinal cord, left and right trunk, left and right arm, pelvis and left and right leg.
Each whole-body scan was analyzed, and the data for each limb were noted. By replacing the measurements of one scanned limb with those of the opposite limb, we obtained an estimate value of the sum of the regional areas that was then compared with the whole-body scan for fat, lean and bone mass, percent whole-body fat and total mass. This same methodology was used for the 55 scans with limb movement, whereby the opposite limb was substituted for the limb with movement, and the value obtained was compared with the original measurement of each component of the whole-body scan.
Scan protocol
Cooperation of the child was key to obtain a legible and valid scan of a 3-year old. As mothers were also being scanned as part of the study, we scanned the mothers first in order to achieve greater cooperation of the child to be scanned. The mother was not only able to demonstrate the correct position to lie on the scan bed but also dispelled any fears of the machine itself. Once the child was on the DXA bed, the child was asked not to move, and no restraints were used. Staff spoke softly and calmly, and visual aids, like pictures of popular cartoon characters on the ceiling or the scan arm, aided to position a child's head to face up. Mothers were allowed to hold the child's left hand during the first two-thirds of the scan to keep the child comfortable. Finally, the technician softly counted down from 10 during the last scan section allowing for time perception. If the child moved excessively during a scan, a second scan was attempted; however, no more than two scans were taken owing to concerns of radiation exposure.
Statistical analysis
Mean values for BMC, fat mass, percent body fat, lean tissue mass and total tissue mass were compared independently for each limb as well as surrogate estimates against whole body. All values are expressed as a mean ± s.d. unless otherwise indicated. After finding the impact of gender to be negligible, all data were pooled. Correlation analysis for upper and lower limb measurements as well as for whole body and surrogate estimates were calculated. The Bland-Altman analysis was performed to test for the magnitude of agreement and bias in all parameters.
14 A paired t-test was performed to determine whether the substitution of a surrogate limb in scans with movement in one limb would reduce the error in estimates of body composition. The Bonferroni adjustment for making 10 multiple comparisons was used, adjusting the P-value for statistical significance to be 0.005 (P = 0.05/10). Mean values were compared between original scans and scans with substitution of limb for all parameters. Statistical analysis was performed using GraphPad Prism 6 (GraphPad Inc., La Jolla, CA, USA) and SPSS version 16.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
The mean age of the 246 children who were studied was 3.1 years. The group mean height was 95.4 cm and weight was 15.1 kg. Validation of surrogate limb analysis in childrenMale and female children were not statistically different in age, height or weight. The mean differences between left and right limbs were small as noted in Table 1 . For example, the mean difference between left and right arm for fat mass was only 5.8 g (95% confidence interval (CI): − 12.4, 24.0) ( Table 1) .
Estimates of whole-body measurements using the surrogate limb values were significantly correlated with the original wholebody measurements for all body composition variables for arm surrogate estimates (R 2 = 0.989-0.999, P o 0.001) and for leg surrogate estimates (R 2 = 0.986-0.999, P o0.001). The Bland-Altman analysis showed high levels of agreement between the original total-body values and the surrogate estimates for all of the body compartment measurements, with the 95% CIs being closely comparable between original scan values and those with the substituted limb (Figure 3 Figure 3) .
The mean estimates of total-body BMC, fat mass, lean mass, percent fat and total tissue mass in normal scans and the mean difference in values with arm or leg substituted are summarized in Table 2 . A similar analysis of scans from 55 children (mean age 3.1 years, height of 96.2 cm and weight of 15.7 kg) where movement of one limb occurred (Table 3 ) demonstrated greater differences and wider variability (CIs for all body compartments in the scans compared with those without movement (Tables 2 and 3 ). The significant differences in estimates between original scan data and that with arm or leg substitution in the normal but not abnormal scans likely reflects the greater variability in values and smaller sample size in the scan data with movement artifact.
DISCUSSION
Substitution of surrogate limb values obtained from regional analysis of the scan provides a reliable prediction of original whole-body percent fat, fat mass, lean mass, BMC and total tissue mass in normal whole-body scans using the Hologic Discovery DXA scanner. When the approach is applied to scans where movement occurred within a single limb, the estimate of body composition can be predicted and variability between scans reduced. As the benefits and uses of the DXA machine increase, the inability to use certain scans due to movement artifacts is a major limitation in obtaining valid results, especially in active young children. Ideally, if movement occurs, conducting a repeat scan would be preferable. However, in our experience this is rarely possible as young children will simply not lie still for the complete 3-min scan or parents refuse repeat scans because of concerns of radiation exposure. Thus, this study provides researchers with a new alternative to include scans obtained by the Hologic DXA scanner, which may have been otherwise discarded owing to movement. With advances in technology, DXA has progressed from originally measuring bone density to becoming a standard method for body composition analysis in both the old and young. Both Lunar and Hologic machines are popular scanners, although each provides different analysis capabilities. There are no reported studies to our knowledge that allow direct comparison with our findings on limb substitution in DXA scans with movement artifact. The three previous papers that performed half-body scan comparisons used the Lunar scanner and were able to use the integrated software to create the half-body results. [9] [10] [11] However, the observations were limited to obese subjects, either older children 11 or adults. [8] [9] In obese children (n = 58, ages 8-18 years), 11 whole-body scans were similar to the half-body estimates for the same five parameters we investigated. Correlation and the Bland-Altman analysis suggested that half-body scans and whole-body scans could be used interchangeably for measures of percent fat, total mass, fat mass, lean mass and BMC when a whole-body scan is not possible. 11 Similarly, in our study, high correlation and the Bland-Altman analysis demonstrated that our surrogate limb substitution is comparable to whole-body scans for the same measures. Moreover, our study was performed with a larger sample size (n = 246) and for a specific age group; thus, is more representative of the general pediatric population.
The previous studies in adult obese subjects, 10, 11 did not find significant differences between mean values for original wholebody and half-body scan estimates when performing a paired t-test. This is more likely attributed to the smaller sizes of their studies (n = 52, 10 and n = 34, 11 ) and obese subjects of an older demographic (adults and adolescents, respectively).
Unlike the Lunar DXA machine, which has integrated half-body analyzers, the Hologic system requires technicians to manually segregate the regions according to body parts. Although this technique may introduce a slight increase in technician error, inter-user variability is negligible if technicians are properly trained. 15 For the current study, one of the authors (DR) reanalyzed all scans before the conduct of the validation analysis. A technique to utilize Hologic scans with movement and other artifacts was needed to prevent loss of scans for data analysis in the birth cohort study. This obviates repeat scans on the child when movement occurs. As demonstrated with the 55 movement scans, for which estimate values were computed using substitution of the limb with movement, there were no significant differences in mean values of whole-body measures when compared with the original scan data ( Table 3 ). The lack of significant difference may be due to the low sample size and the Validation of surrogate limb analysis in children DJ Rodrigopulle and SA Atkinson greater mean differences, and variability in values between limbs with and without movement (Tables 2 and 3 ). For example, the mean difference and CI of the lean mass values for the scans with movement was 99.0 g (95% CI of − 189.3 to − 8.8), whereas that of the non-movement scans was only 31.0 g (95% CI of 21.7-40.4). Use of the surrogate substitution methodology reduces the variation between subject scans for whole-body values' DXA measures of 3-year-old children. By employing the surrogate limb substitution method, we were able to include 22% more scans that had previously been eliminated owing to movement artifacts.
Variations in scanners and software call for different approaches when dealing with limitations such as bed size or duration of scan. Creating and validating alternative techniques to analyze these scans allow technicians to increase the sample size while preserving accuracy. In summary, this study supports using a limb surrogate methodology for fat mass, lean mass, BMC, percent fat and total mass, as a valid alternative in analyzing young children with DXA scans in which a single limb is affected by movement artifact. Future studies should address whether this method is accurate in older and obese populations using the Hologic Discovery DXA scanner.
